
OR I G I N A L AR T I C L E

Targeting G9a/DNMT1 methyltransferase activity impedes
IGF2-mediated survival in hepatoblastoma
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Abstract

Background: As the variable clinical outcome of patients with hepatoblas-

toma (HB) cannot be explained by genetics alone, the identification of drugs

with the potential to effectively reverse epigenetic alterations is a promising

approach to overcome poor therapy response. The gene ubiquitin like with

PHD and ring finger domains 1 (UHRF1) represents an encouraging

epigenetic target due to its regulatory function in both DNA methylation and

histone modifications and its clinical relevance in HB.

Methods: Patient-derived xenograft in vitro and in vivo models were used to

study drug response. The mechanistic basis of CM-272 treatment was elu-

cidated using RNA sequencing and western blot experiments.

Results: We validated in comprehensive data sets that UHRF1 is highly

expressed in HB and associated with poor outcomes. The simultaneous phar-

macological targeting of UHRF1-dependent DNA methylation and histone H3

methylation by the dual inhibitor CM-272 identified a selective impact on HB

patient-derived xenograft cell viability while leaving healthy fibroblasts

unaffected. RNA sequencing revealed downregulation of the IGF2-activated

survival pathway as the main mode of action of CM-272 treatment, subse-

quently leading to loss of proliferation, hindered colony formation capability,

reduced spheroid growth, decreased migration potential, and ultimately,

induction of apoptosis in HB cells. Importantly, drug response depended on the

level of IGF2 expression, and combination assays showed a strong synergistic

effect of CM-272 with cisplatin. Preclinical testing of CM-272 in a transplanted

patient-derived xenograft model proved its efficacy but also uncovered side

effects presumably caused by its strong antitumor effect in IGF2-driven tumors.

Conclusions: The inhibition of UHRF1-associated epigenetic traces, such as

IGF2-mediated survival, is an attractive approach to treat high-risk HB, espe-

cially when combined with the standard-of-care therapeutic cisplatin.

Abbreviations: CTNNB1, beta-catenin; DNMT, DNA methyltransferase; HB, hepatoblastoma; HDFa, adult human dermal fibroblast; HDFn, neonatal human dermal
fibroblast; H3K9me3, histone H3 at lysine 9; KEGG, Kyoto Encyclopedia of Genes and Genomes; MTT, 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide;
PDX, patient-derived xenograft; PI3K, phosphatidylinositol-3-kinase; UHRF1, ubiquitin like with PHD and ring finger domains 1.
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INTRODUCTION

Hepatoblastoma (HB) is the most frequent primary liver
tumor in childhood, representing more than 80% of all
pediatric malignant liver tumors.[1] Although most HB
cases occur sporadically, cancer predisposition syn-
dromes such as familial adenomatous polyposis coli
and Beckwith-Wiedemann syndrome have been asso-
ciated with HB pathogenesis,[2,3] being linked either with
germline mutation of the adenomatous polyposis coli
gene or epimutations at the IGF2 locus. Approximately
70% of the sporadic HB cases harbor beta-catenin
(CTNNB1) gene mutations as the main driving event,[4]

which leads to constitutive activation of the Wnt
signaling pathway. Nonetheless, HB tumors can be
considered genetically speaking as relatively simple, as
they harbor only three mutations per tumor genome on
average.[5,6] As HB presents in different histological
forms and more importantly with varying clinical
outcomes, which cannot be explained by genetics
alone, the contribution of additional underlying molec-
ular mechanisms, such as epigenetic alterations, are
being increasingly discussed.[7,8] One prominent epige-
netic alteration of HB tumors is the transcriptional
upregulation of IGF2 due to changes in the DNA
methylation level at its imprinting control region, thereby
leading to activation of the phosphatidylinositol-3-kinase
(PI3K)-AKT survival pathway.[9,10] Notably, PI3K-AKT
signaling has been implicated in the resistance to
several types of anticancer regimens.[11,12]

The treatment of HB has dramatically improved over
the last few decades due to advancements in surgical
procedures and refinements in clinical risk stratification,
yet there is still an unmet need for improved treatment
options for patients with refractory disease.[13] Survival
properties of the tumor that are often caused by
epigenetic alterations[14] are anticipated to be respon-
sible for individual differences in chemosensitivity.
Thus, the use of epigenetic drugs to reverse defective
expression of genes involved in resistance processes is
an attractive approach to convert a chemoresistant
tumor into a chemosensitive one. Histone deacetylase
inhibitors are known to exert substantial anticancer
activity by selectively inducing transcriptional reprog-
ramming through complex mechanisms impacting on
post-translational modifications of histone proteins.[15]

However, drug resistance is a major concern for the use
of HDA histone deacetylase C inhibitors in anticancer
therapies.[16] Among various potential mechanisms,
DNA methyltransferase (DNMT)-mediated DNA hyper-
methylation has been discussed as one cause under-
lying resistance to histone deacetylase inhibition.[17]

Thus, pharmacological cotargeting of DNA methylation
and histone modifications could be a promising strategy
to overcome drug resistance. Indeed, first trials have
shown clinical benefit for the treatment of hematologic

malignancies by using the 2 epigenetic-modifying drugs
decitabine and vorinostat with chemotherapy.[18,19]

The epigenetic reader UHRF1 (ubiquitin like with PHD
and RING finger domains 1) is an oncogene that is highly
expressed in several malignancies,[20] including HB and
HCC.[21,22] It functions as a key master for connecting
DNA methylation to histone modifications.[23] On one
side, UHRF1 recruits DNMT1 to hemimethylated DNA,
thus maintaining epigenetic modifications left on the
newly synthesized DNA strand during cell division.[24] On
the other side, UHRF1 recognizes G9a-established
trimethylated histone H3 at lysine 9 (H3K9me3), thereby
facilitating the localization of H3K9me3 to pericentric
heterochromatin.[25] Due to its potential to interact with
both hemimethylated DNA and H3K9me3, UHRF1 has
an important role in both DNA and histone methylation
during mitotic cell division.[26] Hence, inhibition of UHRF1
serves as an appealing new anticancer strategy.

In this study, we determined the clinical relevance of
repressing the epigenetic footprint of UHRF1 in patient-
derived xenograft (PDX) models by using CM-272, a
dual small molecule inhibitor targeting G9a and DNMT1
activity.[27]

METHODS

Patient data

The RNA expression data sets Ikeda-67-GSE131329
(https://www.sciencerepository.org/european-journal-of-
molecular-cancer) and Carrillo-Reixach-66-GSE133039[28]

were retrieved from the R2 genomics analysis and
visualization platform (https://hgserver1.amc.nl/). Genes
were normalized to the housekeeping gene TATA-box-
binding-protein and depicted as relative gene expression.
Gene expression data and 5-year survival data of 365
patients with HCCwere retrieved fromHumanProtein Atlas
database v22.0 (https://www.proteinatlas.org/) and used for
survival analysis.

Cell lines

We used the HB cell lines HepG2 (American Type Culture
Collection, Manassas, VA) and HepT1 (from Dr. T.
Pietsch), the HCC cell lines Hep3B (American Type
Culture Collection) and HUH7 (Japanese Collection of
Research Bioresources, Osaka, Japan), the HB cell lines
PDX214, PDX243, PDX282, PDX295, PDX303, PDX344,
and PDX364 developed from PDX transplantation models
(XenTech, Evry, France), and primary adult (HDFa) and
neonatal (HDFn) human dermal fibroblasts (both Ameri-
can Type Culture Collection). Established cell lines were
cultured in RPMI 1640 supplemented with 10% fetal
bovine serum and 1% penicillin/streptomycin (all from
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Thermo Fisher, Waltham, MA), PDX cell lines in advanced
DMEM/F12 containing 10 mg/L insulin supplemented with
10% fetal bovine serum, 1% penicillin/streptomycin, 1%
L-glutamine (all from Thermo Fisher), and 20 µM Y-27632
(Selleckchem, Chesterbrook, PA) at 37°C in 5% CO2.

Viability assay

Cells were seeded as 5×104 cells/well in 96-well plates
and, after 24 hours, exposed to 10 increasing concentra-
tions of cisplatin, doxorubicin, CM-272, decitabine
(5-azacytidine) (all from Selleckchem) and BIX-01294
trihydrochlorid hydrate (Sigma-Aldrich) ranging from 5 nM
to 100 µM with DMSO. Rescue experiments on CM-272
using 10 ng/mL recombinant human IGF2 (RD Systems,
Minneapolis, MN) were done for 48 hours
by refreshing media after 24 hours. Following 48 hours
of incubation, cell viability was measured using MTT
(3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bro-
mide) assays and absorbance measurement as
described.[21] Half-maximal inhibitory concentrations
(IC50) and AUC values were calculated by plotting
nonlinear regression of drug response curves using
GraphPad Prism 8 (GraphPad Software, San Diego, CA).

Synergy assay

Synergy of pairwise drug combinations was investi-
gated by using MTT-based cell viability data of tumor
cells treated with cisplatin, doxorubicin, and CM-272 for
48 hours. Synergy scores were determined by Combe-
nefit software[29] applying the highest single-agent
statistical reference model.

Proliferation assay

Proliferation was detected by using Click-iTtm EdU cell
proliferation kit (Thermo Fisher), according to the
manufacturer’s instructions. A total of 2× 105 cells were
seeded in a 24-well plate 24 hours prior to labeling with
100 µM ethynyl deoxyuridine and subsequent exposure
to 200 nM CM-272 or DMSO for another 24 hours.
Then, cells stained with Alexa Fluor 555 azide and
Hoechst 33342 counterstain were captured with the
EVOS M7000 imaging system (Thermo Fisher) and
ethynyl deoxyuridine–positive nuclei counted in relation
to Hoechst 33342-positive nuclei.

Apoptosis assay

Apoptotic cell count was detected by CellEvent™
Caspase-3/7 Green Detection Reagent (Thermo Fisher)
according to the manufacturer’s instructions. A total of

2×105 cells/well were seeded in a 24-well plate, and
following 24 hours of exposure to 100 nM CM-272 or
DMSO, cells positive for active caspase 3 and 7 acquired
with EVOS M7000 (Thermo Fisher) were counted.

Colony formation assay

A total of 2×103 cells/well were seeded in 6-well plates
and incubated for 48 hours at 37°C. Then, cells were
exposed to either DMSO or 100 nM CM-272 for 10 days.
On formation of colonies, cells were stained with 0.5%
crystal violet (Sigma-Aldrich) in 20% methanol for
2 hours. Pictures of colonies were taken by GelJet
Imager and EVOS M7000 (Thermo Fisher) and counted.

Spheroid assay

Cells were seeded at a density of 1× 103 cells/well into
ultra-low attachment round-bottom 96-well plates (Corn-
ing, Corning, NY) for 5 days and established spheroids
were exposed to 100 nM CM-272 or DMSO control.
Spheroid images were captured at days 0, 2, and 6 with
EVOS M7000 (Thermo Fisher), and spheroid volumes
were calculated, as described.[30]

siRNA-mediated knock-down

Knock-down experiments were conducted using SMART-
pool siRNAs (Dharmacon Corporation, Lafayette, CO) for
IGF2 (M-004093-01) and nontargeting control (D-
0011210-01-05). In brief, 100 µL of siRNA and 5 µL
lipofectamine 2000 were individually mixed with 250 µL
serum-free medium in separate tubes and incubated for
5 minutes at room temperature. Then, the 2 mixtures were
combined by gentle pipetting and incubated for 20minutes
at room temperature. The siRNA-lipofectamine mixture
was then added to 1×106 cells and incubated in 2 mL
culturing medium in 6-well plates for 48 hours.

Western blot analysis

Whole-cell lysates were extracted in 30 mM TrisHCl/
150mMNaCl/1%Triton-X/10% glycerol. Nuclear extracts
were isolated in 10 mM Hepes/2.5 mM KCl/1.5 mM
MgCl2/1 mM DTT/0.1 mM EDTA/0.625% Igepal, followed
by a second lysis in 20 mM Hepes/0.4 mM NaCl/1.5 mM
MgCl2/0.5 mM DTT/0.05 mM ETDA/25% glycerol. Pro-
teins were denatured, separated in gradient gel and
transferred to nitrocellulose membranes as described.[21]

Membranes were incubated overnight at 4°C in anti-
H3K9me2 (Active Motive, Waterloo, Belgium), anti-IGF2
(RD Systems), anti-AKT or anti-pAKT-ser473 antibody
(both Cell Signaling Technologies, Danvers, MA) in
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1:1000 dilution. Anti-beta-actin, anti-lamin B1 (both Cell
Signaling Technologies) and anti-glyceraldehyde-
3-phosphate dehydrogenase (Thermo Fisher) in a
1:10,000 dilution served as a loading control. Following
the incubation with a secondary goat-anti-rabbit HRP
antibody (Dako Denmark, Glostrup, Denmark) in a
1:5000 dilution, protein bands were detected by
enhanced chemoluminescence reagent (Amersham Bio-
sciences, Amersham, UK) using the ChemiDoc XRS+
imaging system (Bio-Rad). All antibody dilutions were
prepared in 5% milk in PBS-T.

Pyrosequencing

DNA extraction and bisulfite-convertion were performed
as described.[21] A PCR reaction specific for LINE-1
elements[31] was then performed using 200 ng bisulfite-
treated DNA, 0.2 U hot start GoTaq G2 polymerase
(Promega, Madison, WI), 5× GoTaq buffer, 2 mM
dNTPs, 1.5 mM MgCl2, and 500 nM of the primers
LINE1-F (TTTTGAGTTAGGTGTGGGA) and biotiny-
lated LINE1-R (AAAATCAAAAAATTCCCTTTC). PCR
reactions were run at 95°C for 4 minutes and 45 cycles
of 95°C for 45 seconds, 57°C for 45 seconds, and 72°C
for 60 seconds. Then, PCR products were sequenced
with the AGTTAGGTGTGGGATATAGT sequencing
primer, applying PyroMark Gold Q24 reagents (Qiagen)
according to the manufacturer’s instructions.

RNA sequencing

Total RNA was isolated from PDX282 and PDX303 and
libraries prepared and sequenced as described.[32]

Split-read alignment against the human genome
assembly hg19 (GRCh37) and UCSC known gene
annotation was accomplished using STAR aligner
v2.4.2a.[33] Number of reads mapping to annotated
genes was quantified using HTseq-count v0.6.0[34] and
read counts were normalized and analyzed for differ-
entially expressed genes by using the Bioconductor
package DESeq2.[35] Identification of enriched path-
ways by Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analysis was carried out with differ-
entially expressed genes >2-fold with a p-value<0.05
as an input via WEB-based GEne SeT AnaLysis Toolkit
(https://www.webgestalt.org/) and clustergrams high-
lighting up- or downregulated genes were obtained
from Enrichr database (https://maayanlab.cloud/
Enrichr/). Protein-protein interaction network map of
differentially expressed genes was generated by
STRING web tool v11.5 (https://string-db.org/).

Animal studies

The preclinical study in mice was carried out by
XenTech, as described,[36] under the license for

experiments on vertebrate animals (APAFIS#29136-
2020121415204532). In brief, cryopreserved tumor
pieces of the PDX model HB-282 were subcutaneously
implanted in the back of 5-week-old female nude-
Foxn1nu mice (ENVIGO, Gannat, France) and grown
until a volume of approximately 100 mm3 was reached.
Mice were then treated with either vehicle or 5 mg/kg
CM-272 in 10% DMSO/40% PEG300/5% tween/45%
NaCl by i.p. injection for 5 days on and 2 days off.
Tumor volume was calculated as described.[30] All
animals were weighed at tumor measurement times
and monitored every day for physical appearance,
behavior, and clinical changes.

Statistical analyses

Statistical analyses were performed with GraphPad
Prism 8 (GraphPad Software). Data were visualized as
mean±SEM or SD. For all assays, differences between
the 2 groups were analyzed using Student t test. For the
survival analysis, Kaplan-Meier method and log-rank
tests were performed. Pearson method was applied for
deducing the correlation between the 2 groups by using
two-tailed analysis of confidence intervals of 0.95.
Calculation of the band densities of western blot
analysis was done using ImageJ v1.54b image proc-
essing tool. Values of p< 0.05 were considered
significant for all analyses.

RESULTS

DNMT1, EHMT2, and UHRF1 genes are
associated with poor prognosis in liver
cancer

In order to investigate the expression levels of the
epigenetic regulators DNMT1 and G9a (encoded by the
gene euchromatic histone lysine methyltransferase 2,
EHMT2), as well as their recruiting factor UHRF1, we
retrieved data from 2 comprehensive and publicly
available data sets on HB from the R2 database. We
observed significantly higher expression levels of the
DNMT1, EHMT2, and UHRF1 genes in HB than in
normal liver in both data sets (Figure 1A, B).
Interestingly, levels of DNMT1, UHRF1, and EHMT2
expression are highly correlated with each other in
patients with HB (Figure 1C, D).

Next, we wanted to evaluate the survival probability
of liver cancer patients with high-expression and low-
expression of DNMT1, EHMT2, and UHRF1 genes.
Due to the lack of available survival data from patients
with HB, we examined data from patients with HCC.
Kaplan-Meier curves revealed significant differences
between patients with high-expression and low-expres-
sion of DNMT1, EHMT2, and UHRF1 (Figure 1E), with
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5-year survival rates of 32%, 41%, and 35% compared
to 53%, 56%, and 55%, respectively. In conclusion, our
in silico analysis revealed a high concomitant
expression of the epigenetic genes DNMT1, EHMT2,
and UHRF1 in liver cancer patients with inferior
outcomes.

Dual inhibition of DNTM1 and G9a by CM-
272 effectively reduces the growth of liver
cancer cells

To determine the impact of the simultaneous inhibition of
DNTM1 and G9A through the dual inhibitor CM-272[27] on
liver tumor cells, we made use of a drug testing platform

consisting of 4 conventional liver cancer cell lines, 7
previously established patient-derived HB xenograft cell
lines, and 2 human dermal fibroblast cell lines as
noncancerous controls. MTT-based viability assays after
CM-272 exposure demonstrated significantly lower
median half-maximal inhibitory concentrations (IC50)
for HB PDXs (0.7 µM) and liver cancer cell lines
(6.4 µM) in comparison to healthy fibroblast controls
HDFa (23 µM) and HDFn (28 µM) (Figure 2A). AUC
values calculated from drug-response curves to 10
increasing concentrations of CM-272 further proved the
high sensitivity of PDX-derived (mean AUC: 213.2) and
conventional liver cancer cell lines (mean AUC: 284.7)
toward CM-272, while healthy controls HDFa (312.3) and
HDFn (312.3) remained nonresponsive (Figure 2B),
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suggesting the selective and noncytotoxic targeting
properties of CM-272.

In order to see if the tumor cell-impacting effect of the
dual epigenetic inhibitor CM-272 can also be reached
by inhibiting just one epigenetic mechanism, being
either DNA demethylation or histone methylation
(Figure 2C), we applied the demethylating agent 5-
azacytidine as well as the specific inhibitor of G9a
histone methyltransferase BIX-01294 to our drug testing
platform. Exposing the liver tumor cells to 5-azacytidine,
BIX-01294 and CM-272 in a similar 10-point dose-
response curve setting revealed a much higher efficacy
of CM-272 on tumor cell survival (mean AUC: 239.2) in
comparison to 5-azacytidine (mean AUC: 399.4) and
BIX-01294 (mean AUC: 268.5) (Figure 2D). Moreover,
whereas all models demonstrated a minor response to
cisplatin, the standard-of-care therapy for patients with
standard-risk HB,[37] CM-272 treatment led to a drastic
decrease in cell viability (Figure 2D), similar to the one
toward doxorubicin, which is routinely used for patients
with high-risk HB[38] (Figure 2D).

Furthermore, we investigated the on-target effects of
CM-272 treatment in 2 selected PDX cell lines.
Immunoblotting showed a decrease in the total levels
of histone H3 lysine 9 dimethylation (H3K9me2) by CM-
272, demonstrating the successful inhibition of the G9a
enzyme (Figure 2E). Quantification of the global DNA
methylation by pyrosequencing LINE-1 elements in the
tumor genome revealed a decline of CpG methylation
levels when CM-272 was present, suggesting the
hindered function of DNMT1 (Figure 2F).

CM-272 causes transcriptional
downregulation of IGF2

In order to obtain a mechanistic understanding of the
CM-272 treatment on HB, we performed RNA sequenc-
ing of PDX282 and PDX303 cells exposed to CM-272.
Comparing the global transcriptional expression levels
of CM-272–treated tumor cells with DMSO-treated
controls revealed a considerable number of significantly
(p<0.05) altered (> 2-fold) genes (Figure 3A), thereby
underscoring the pleiotropic effect of simultaneously
inhibiting DNA and histone methylation. Strikingly,
we found an overlap of 38 upregulated and 59
downregulated genes that are common in both
PDX282 and PDX303 models (Figure 2B).

To further investigate the functional impacts of CM-
272 treatment on cellular and molecular processes, we
applied KEGG pathway enrichment analysis to the
differentially expressed genes common to both models
(Figure 3C-D). Clustergrams demonstrated KEGG
terms for the metabolism of various molecules, such
as pentose, glucose, ascorbate, aldarate, steroid,
porphyrin, and retinol to be highly enriched in the
upregulated genes (Figure 3C). This enrichment was

mainly based on elevated RNA levels of the genes
coding for the cytochrome P450 3A enzyme
subfamily member CYP3A7, as well as the UDP
glucuronosyltransferase 2 family polypeptide B4
subfamily proteins UGT2B4 and UGT2B7 (Figure 3E).
These 2 enzyme families are known to play essential
roles in drug detoxification and the conversion of
xenobiotics into biological substrates. Moreover, we
found the proapoptotic protein BCL2-interacting killing
and the cyclin-dependent kinase inhibitor 1A, a tumor
suppressor gene that is negatively regulated by
UHRF1,[39] to be upregulated in the presence of CM-
272 (Figure 3E).

For the downregulated genes, we detected a
strong enrichment of KEGG terms for homologous
recombination, DNA repair, cell cycle, and PI3K-AKT
signaling (Figure 3D), which was mainly evoked by a
significant decrease in transcript levels of the Fanconi
anemia complementation group I, breast cancer gene 2,
cyclin 2A, and IGF2 (Figure 3F). In addition, we
found inhibition of the proliferation marker Ki-67 on
CM-272 treatment. The generation of a protein-
protein interaction network map with the differentially
expressed genes underscored the close relationship
between the molecular groups identified by KEGG
pathway enrichment analysis (Figure 3G). Collectively,
these data suggest that CM-272 induces drug metabolic
processes while impeding DNA integrity, tumor growth,
and most importantly, IGF2-associated PI3K-AKT
signaling of HB tumor cells.

CM-272 inhibits liver cancer cell growth by
impeding PI3K-AKT signaling

As the RNA sequencing data suggested induction of
apoptosis, inhibition of growth and IGF2-mediated
survival as key targets of CM-272, we explored the
consequences of CM-272 treatment on the cellular
behavior of HB tumor cells. In line with the elevated
BCL2-interacting killing transcript levels, caspase 3/7
staining of CM-272–treated HB cells showed a signif-
icant increase of apoptotic cells, suggesting a subse-
quent induction of programmed cell death (Figure 4A).
Consistent with the reduced cyclin 2A and marker Ki-67
transcript levels, proliferating cells were significantly
reduced on CM-272 exposure in comparison to control
cells (Figure 4B). In addition, the colony formation assay
clearly revealed that the proliferative integrity of tumor
cells was dramatically reduced in long-term cultures, as
the CM-272–treated PDX cells formed only a few small
colonies (Figure 4C). Moreover, we inspected the effect
of CM-272 on established tumor spheroids, considering
that three-dimensional cell cultures serve as better
near-patient models. We detected that CM-272
treatment resulted not only in the repression of tumor
growth, but also in a significant reduction of spheroid
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volume, while untreated spheroids maintained their
ability to enlarge in volume (Figure 4D).

Of most interest, we wanted to validate the functional
consequences of the downregulation of IGF2 expres-
sion by analyzing the PI3K-AKT signaling pathway,
which is driven by IGF2. Western blot analysis of

CM-272–treated PDX cells revealed a significant
decrease of IGF2 protein levels and subsequently of
AKT serine 473 phosphorylation, a constitutive phos-
phorylation site for PI3K-AKT pathway activation, while
leaving the total amount of AKT protein unchanged
(Figure 4E and F). However, we are not sure how IGF2
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activity is transferred into the cells, as both receptors
known to bind IGF2, namely IGF1 receptor and insulin
receptor are highly expressed in our RNAseq data (data
not shown). In order to investigate whether CM-272-
induced cell death is indeed mediated by IGF2, we
repeated our experiments in the presence or absence of
recombinant human IGF2 (rhIGF2). Viability assays

clearly indicated that the response of HB PDX cells to
CM-272 exposure is significantly reduced when cells
were simultaneously incubated with rhIGF2 (Figure 4G).
Moreover, by introducing a siRNA-mediated knock-
down of IGF2 in PDX cells, we could demonstrate a
robust decrease of AKT activation while total AKT
remained unchanged (Figure 4H), thereby leading to a

F IGURE 3 Transcriptional consequences of CM-272 treatment in liver cancer cells. (A) Volcano plots of differentially expressed genes in
PDX282 and PDX303 cells on 16 hours of exposure to 100 nM CM-272, as determined by RNA sequencing. The log10-transformed p-values are
plotted against the average log2 fold changes in gene expression, with dashed lines indicating p< 0.05 and fold changes > 2. (B) Venn diagrams
summarizing the numbers of upregulated and downregulated expressed genes for PDX282 and PDX303. (C, D) KEGG pathway analysis (upper)
and clustergrams (lower) for commonly (C) upregulated and (D) downregulated genes of PDX282 and PDX303, revealing enrichment in cellular
and molecular pathways and associated key genes. (E, F) Bar graphs representing RNA expression of the top-scoring candidate genes of the
enriched pathways in the DMSO- (light) and CM-272- (dark) treated PDX282 (orange) and PDX303 (green) cells. (G) Protein-protein interaction
network map visualizing CM-272-regulated candidate genes. The nodes and edges represent query genes and predicted relations between
candidates, respectively. The thickness of the lines indicates the strength of data support and stronger interaction among the query proteins.
Abbreviations: BIK, BCL2-interacting killing; BRCA2, breast cancer gene 2; CCNA2, cyclin 2A; FANCI, Fanconi anemia complementation group I;
KEGG, Kyoto Encyclopedia of Genes and Genomes; PDX, patient-derived xenograft; PI3K, phosphatidylinositol-3-kinase.
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significant decrease of the viability of IGF2-suppressed
HB cells compared to the nontargeting control
(Figure 4I). Having demonstrated that IGF2 is an
important target of CM-272, we looked at the RNA
levels of IGF2 and the reciprocally expressed H19 gene
and compared the ratio of both genes to the drug
response against CM-272. We found a clear correlation
between high IGF2/H19 ratios and sensitivity to CM-
272, thereby suggesting that high IGF2-expressing
tumors, such as most HB tumors, are prone to dual
epigenetic inhibitors (Figure 4J). Of interest, only
UHRF1 expression, but not DNMT1 and EHMT2, was
also correlated with sensitivity to CM-272 (Figure 4K).

Collectively, our results clearly demonstrate that CM-
272 inhibits the growth of HB cells and consequently
triggers apoptosis by disrupting the PI3K-AKT survival
pathway through downregulating IGF2.

CM-272 synergizes with cisplatin in
inducing cell death

To investigate the probable translation of CM-272 into
future clinical application, we wanted to explore the
possible beneficial impact of combining CM-272 with
cisplatin, the backbone of HB therapy,[37] on the
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suppression of tumor cell growth. To do so, we
subjected the 2 models PDX282 and PDX303, with a
high sensitivity toward CM-272 (IC50 138 and 266 nM,
respectively) and high IGF2/H19 ratios (Figure 4J) to a
4× 4-dose point combination matrix of CM-272 and
cisplatin (Figure 5A). The combination of both drugs led
to a striking reduction of cell viability, even at low
nanomolar levels. This was highly comparable to the
decrease observed in response to the combination of
cisplatin and doxorubicin, the standard of care for
patients with high-risk HB[38] (Figure 5B). More
importantly, depicting three-dimensional synergy
landscapes and calculating synergy indexes for each
drug combination revealed that CM-272 combined with
cisplatin shows a stronger synergy than the clinically
used cisplatin and doxorubicin combination (Figure 5C, D).
Altogether, our findings clearly indicate that CM-272 highly
synergizes with cisplatin for the inhibition of HB tumor cell
growth, suggesting that CM-272 can be considered as a
strong possible candidate for the treatment of patients
with HB.

CM-272 causes side effects in a HB PDX
transplantation model

In order to provide a rationale for the clinical use, we
tested CM-272 in a transplantation model of an
established HB PDX[36] using a dose of 5 mg/kg
injected i.p. for 5 days per week, which has been
shown to be effective and well tolerated in mice carrying
HCC xenografts.[40] After only 2 doses, we observed a
strong reduction in tumor growth in CM-272-treated
mice compared to vehicle-treated mice, which stayed
significant until day 7 of treatment (Figure 5E).

However, treatment had to be stopped after the third
dose because of dramatically decreasing body weights
in the CM-272–treated mice (Figure 5E). Moreover, 1 of
the 7 mice in the CM-272 group died for unknown
reasons at day 3 of treatment, and another mouse had
to be sacrificed because of emaciated appearance and
hunched posture on day 5. In those mice in whom the
body weight subsequently recovered by day 7 after
commencement of treatment, a reduced dosing scheme
of 2.5 mg/kg CM-272 was given every second day.
However, as tumor growth speeded up under this
regimen and the mice lost body weight again, this
preclinical trial was terminated on day 11. Of note, one
mouse developed a heavily hemorrhagic tumor under
treatment starting from day 5. In summary, these
experiments indicate that CM-272 effectively inhibits
tumor growth in vivo, but causes severe side effects at
high doses.

DISCUSSION

As genetics cannot explain the diverse course of HB,[5,6]

it has been proposed that transcriptional changes are at
the root of the heterogeneous manifestation of this
disease.[6–8,28,41] Gene activity is mainly driven by
epigenetic regulatory mechanisms such as DNA meth-
ylation and post-translational histone modifications, and
their important roles have already been reported for HB
in several studies.[7,8,10,21] However, targeting the
epigenetic machinery for therapeutic purposes is still
not clinically achievable.

We have described in previous work on a small
cohort of patients that the epigenetic reader UHRF1 is
overexpressed in HB and associated with poor

F IGURE 4 Cellular consequences of CM-272 treatment in liver cancer cells. (A) Apoptotic cells were detected in PDX282 and PDX303 cells,
which were exposed to DMSO (CTRL) or 200 nM CM-272 for 48 hours by staining active caspase 3/7 substrate (green) and quantified in relation
to adherent cells (phase contrast). The bar graphs represent 2 independent experiments with 6 replicate measurements. (B) Proliferating cells
were detected by Click-it EdU-staining (red) and quantified in relation to Hoechst 33342-stained nuclei (blue). PDX282 and PDX303 cells were
exposed to DMSO (CTRL) or 200 nM CM-272 for 48 hours. The bar graphs represent 2 independent experiments with 6 replicate measurements.
(C) Long-term growth of the PDX cells was monitored by colony formation assay. Cells were exposed to DMSO (CTRL) or 50 nM CM-272 for
10 days, and colonies were stained with crystal violet. Representative wells (left) and magnified views (right) are displayed. The bar graphs
represent two independent experiments with two replicate measurements. (D) Established tumor spheroids of PDX282 and PDX303 cells were
treated with DMSO (CTRL) or 200 nM CM-272 for 6 days. The line graph represents mean spheroid volumes of one experiment consisting of
triplicate measurements. (E) Western blot detection of IGF2, AKT and phosphorylated AKT (pAKT) levels in PDX282 and PDX303 liver tumor cells
on exposure to 100 nM CM-272 for 16 hours. ACTB or GAPDH were used as loading control. (F) The bar graphs represent densitometrical
quantifications of protein amounts detected by western blot of 3 independent experiments. (G) Sensitivity of HB PDXs toward CM-272 detected as
cell viability in the presence (+) or absence (−) of 10 ng/mL rhIGF2 for 48 hours. The bar graphs represent 2 independent experiments with 3
replicates. (H) Western blot detection of IGF2, pAKT, and AKT levels after 48 hours of transfection with siIGF2 or siNTC. (I) Viability of tumor cells
following IGF2 knock-down for 48 hours. The bars respresent 2 independent experiments with 3 replicates. (A–I) All error bars represent±SD. p-
values were calculated using a two-tailed unpaired Student t test, with *p<0.05, **p<0.01, ***p< 0.001, ****p<0.0001. All scale bars represent
200 μm. (J) Correlation of the log10-transformed IGF2/H19 ratios or (K) UHRF1 expression (RNAseq counts normalized to TATA-box-binding-
protein) of cell lines with the sensitivity against CM-272 treatment (log10-transformed AUC values). Two-tailed Pearson test was performed, and
correlation coefficients were calculated. The linear regression is given as a dashed line. Abbreviations: ACTB, beta-actin; CTRL, control; EdU,
ethynyl deoxyuridine; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; HDFa, adult human dermal fibroblast; HDFn, neonatal human
dermal fibroblast; pAKT, phosphorylated AKT; PDX, patient-derived xenograft; rhIGF2, recombinant human IGF2; siIGF2, siRNA against IGF2;
siNTC, nontargeting control; UHRF1, ubiquitin like with PHD and ring finger domains 1.
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survival.[21] By analyzing 2 large and recent tran-
scriptomic data sets, we could corroborate our previous
finding that UHRF1 is indeed a significantly overex-
pressed gene in patients with HB. Moreover, by
applying the same data sets, we could also show a
concomitant overexpression of the genes encoding
DNMT1 and G9a, 2 interaction partners of UHRF1.
Interestingly, the strong correlation of the three genes to
each other clearly demonstrates that the UHRF1-
DNMT1-G9a complex seem to play an important role
in HB pathogenesis. This is in line with previous work on
liver cancers, which showed simultaneous activation
of the respective complex partners in HCC,[40]

cholangiocarcinoma,[42] and just recently patients with
HB.[43] The clinical association between inferior patient
survival and overexpression of the individual compo-
nents of the UHRF1-DNMT1-G9a complex has been
shown for many adult and pediatric cancers.[26] Our
previous work has also established that elevated levels
of UHRF1 are predominantly observed in patients with
HB with poor outcomes and the so-called C2 subtype of
the 16-gene signature,[21] which defines a more
aggressive subtype of HB and is associated with poor

prognosis.[41] As no patient data are available for the 2
recent HB data sets used in this study, we performed
survival analyses with a publicly available data set on
HCC, a liver tumor that also occurs in pediatric patients
and shares many molecular properties with HB.[44] We
could demonstrate an inferior overall survival of patients
with HCC carrying high expressions of UHRF1,
DNMT1, and G9a. Collectively, our data identified the
UHRF1-DNMT1-G9a complex as an excessively acti-
vated and clinically relevant epigenetic regulator in
patients with HB.

Chemical targeting of individual components of the
UHRF1-DNMT1-G9a complex has already been inves-
tigated in liver cancers as a therapeutic strategy, such
as the DNMT inhibitor decitabine[45] and the G9a
inhibitor BIX-01294,[46] and showed only limited effects
on cell viability when given as monotherapy. In contrast,
dual targeting of both G9a and DNMT1 by the small
molecule CM-272 has been reported to show significant
therapeutic efficacy in hematological malignancies[27]

and most liver cancer types.[40,42,43] In agreement with
these data, our study demonstrates a significant
reduction in tumor cell viability on CM-272 exposure in
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TARGETING G9A/DNMT1 METHYLTRANSFERASE ACTIVITY | 11



pediatric liver cancer cell lines and HB PDX models,
while healthy cells remained nonresponsive toward this
epigenetic perturbation. Most notably, we identified
higher synergy scores when CM-272 was combined
with cisplatin rather than with doxorubicin, even at low
nanomolar concentrations, thereby suggesting that the
combination of CM-272 and cisplatin could be an
effective treatment for patients with HB. By investigating
the transcriptional changes in HB tumor cells on CM-
272 exposure, we have detected transcriptional down-
regulation of the survival factor IGF2 and subsequently
reduced activity of PI3K-AKT signaling as the main
target of the dual inhibition of UHRF1-driven conse-
quences. This has been achieved by comprehensively
profiling PDX-derived HB cell lines,[36] which closely
mirror the original tumors by expressing high levels of
IFG2, as opposed to conventional HB cell lines grown
on plastic for years that have been used in former
studies.[21,43] Moreover, our functional assays as well as
RNA sequencing data in PDX-derived HB cell lines,
highlighted that the transcriptional downregulation of
IGF2 by CM-272 results in a reduced proliferation
capacity of HB cells with decreased levels of the
proliferation marker Ki-67 and a strong upregulation of
apoptosis with increased levels of the proapoptotic
protein BCL2 interacting killer. Constitutive activation of
the PI3K-AKT pathway[9] through epigenetic upregula-
tion of IGF2[10] and downregulation of IGF binding
proteins[47] is, along with the CTNNB1-mediated Wnt
activation, the most important mechanism involved in
HB development. It has been experimentally validated
that IGF2 can act as the second survival factor for
oncogene-induced tumorigenesis.[48] Interestingly,
depleting IGF2 from tumor cells has been described to
render them more sensitive to several chemo-
therapeutic agents.[49] In line with this, we found that
HB models with high expression of IGF2 are most
sensitive to CM-272 treatment, although low-dose
insulin contained in the media might have prevented
complete growth inhibition. Moreover, our rescue
experiments clearly indicate that IGF2 is the major
mediator of IGF2 activity, as the addition of recombinant
IGF2 decreased sensitivity toward CM-272. Collect-
ively, these data suggest that the dual inhibition of both
G9a and DNMT1 by CM-272 is not only able to impede
the IGF2-mediated survival of HB cells but might also
be used to increase sensitivity to chemotherapy in order
to help minimize short- and long-term side effects of
drugs currently used for high-risk patients.[50]

Although mechanistically convincing, the preclinical
testing of the dual inhibition of G9a and DNMT by CM-
272 in HB-bearing mice unveiled some problems, which
have to be considered before moving this drug further to
the clinic. This was not anticipated, as a previous study
showed no toxicity of CM-272 in healthy mice in terms
of body weight loss as well as hematological and liver
parameters when given for 4 weeks at a dose of 2.5 mg/

kg body weight.[27] A similar treatment schedule using
doses of 2.5 and 5 mg/kg body weight corroborated the
safety in leukemia and lymphoma models[27] as well as
pediatric and adult liver cancer models.[40,42,43] How-
ever, our study recognized severe side effects, includ-
ing sudden death, dramatic body weight loss, and tumor
hemorrhage when CM-272 was used in the fast-growing
and IGF2 high-expressing HB model PDX282.[36] It
might be speculated that targeting one of the driving
forces of HB tumorigenesis, namely the constitutive
activation of IGF2-PI3K-AKT survival signaling, which is
not evident in most tumor models investigated so
far,[27,40,42,43] in concert with other as yet unknown HB-
specific inherent alterations that are targeted by CM-
272, could have resulted in an antitumor effect that
induces a systemic response that cannot be tolerated
in vivo.

In summary, we established the clinical relevance of
the UHRF1-DNMT1-G9a complex in patients with HB
and proved the antitumor effect of dually inhibiting
DNMT1 and G9a activity in patient-derived xenograft
HB models. Perturbing the epigenetic traces of UHRF1
led to the sustained inhibition of IGF2-PI3K-AKT–
mediated survival of HB cells, both in vitro and in vivo.
Although being highly synergistic with the standard-of-
care medication cisplatin, CM-272 needs further safety
optimizations before being considered for clinical use in
patients with HB, particularly those with high IGF2
levels.

AUTHOR CONTRIBUTIONS
Roland Kappler: conceptualized and designed the
study. Salih Demir, Negin Razizadeh, and Emilie
Indersie: conducted the analyses. Salih Demir, Negin
Razizadeh, Emilie Indersie, Sophie Branchereau, and
Stefano Cairo: acquired the data. Salih Demir and
Roland Kappler: drafted the manuscript. All authors
critically reviewed the article and contributed to data
interpretation. All authors read and approved the final
manuscript.

ACKNOWLEDGMENTS
The authors thank Alina Hotes, Tanja Schmid, and
Johanna Jourdain for assisting with technical support,
Rebecca Maxwell for critically reviewing the manuscript,
Dr. Torsten Pietsch for providing the HepT1 cell line,
Xentech for providing the patient-derived xenograft
models, and the Munich Genome Analysis Competence
Center for conducting RNA sequencing service.

FUNDING INFORMATION
This project has received funding from the European
Union’s Horizon 2020 research and innovation program
under Grant numbers 826121 (iPC) and 956285
(VAGABOND) and was supported by grants from the
Bettina Bräu Foundation Munich and the Gänseblüm-
chen Association Voerde (Roland Kappler).

12 | HEPATOLOGY COMMUNICATIONS



CONFLICTS OF INTEREST
The authors have no conflicts to report.

ORCID
Salih Demir https://orcid.org/0009–0009–3478–1136
Emilie Indersie https://orcid.org/0000–0001–8974–
6551
Stefano Cairo https://orcid.org/0000–0002–4725–
5970
Roland Kappler https://orcid.org/0000–0002–8581–
2803

REFERENCES
1. Weinberg AG, Finegold MJ. Primary hepatic tumors of childhood.

Hum Pathol. 1983;14:512–37.
2. Giardiello FM, Offerhaus GJ, Krush AJ, Booker SV, Tersmette

AC, Mulder JW, et al. Risk of hepatoblastoma in familial
adenomatous polyposis. J Pediatr. 1991;119:766–8.

3. Little MH, Thomson DB, Hayward NK, Smith PJ. Loss of alleles on
the short arm of chromosome 11 in a hepatoblastoma from a child
with Beckwith-Wiedemann syndrome. Hum Genet. 1988;79:186–9.

4. Koch A, Denkhaus D, Albrecht S, Leuschner I, von Schweinitz D,
Pietsch T. Childhood hepatoblastomas frequently carry a
mutated degradation targeting box of the beta-catenin gene.
Cancer Res. 1999;59:269–73.

5. Eichenmüller M, Trippel F, Kreuder M, Beck A, Schwarzmayr T,
Häberle B, et al. The genomic landscape of hepatoblastoma and
their progenies with HCC-like features. J Hepatol. 2014;61:1312–20.

6. Sumazin P, Chen Y, Trevino LR, Sarabia SF, Hampton OA, Patel K,
et al. Genomic analysis of hepatoblastoma identifies distinct
molecular and prognostic subgroups. Hepatology. 2017;65:104–21.

7. Hirsch TZ, Pilet J, Morcrette G, Roehrig A, Monteiro BJE, Molina
L, et al. Integrated genomic analysis identifies driver genes and
cisplatin-resistant progenitor phenotype in pediatric liver cancer.
Cancer Discov. 2021;11:2524–43.

8. Nagae G, Yamamoto S, Fujita M, Fujita T, Nonaka A, Umeda T,
et al. Genetic and epigenetic basis of hepatoblastoma diversity.
Nat Commun. 2021;12:5423.

9. HartmannW, Kuchler J, Koch A, Friedrichs N,Waha A, Endl E, et al.
Activation of phosphatidylinositol-3’-kinase/AKT signaling is essen-
tial in hepatoblastoma survival. Clin Cancer Res. 2009;15:4538–45.

10. Rainier S, Dobry CJ, Feinberg AP. Loss of imprinting in
hepatoblastoma. Cancer Res. 1995;55:1836–8.

11. Eckstein N, Servan K, Hildebrandt B, Politz A, von Jonquieres G,
Wolf-Kummeth S, et al. Hyperactivation of the insulin-like growth
factor receptor I signaling pathway is an essential event for
cisplatin resistance of ovarian cancer cells. Cancer Res. 2009;
69:2996–3003.

12. Huang GS, Brouwer-Visser J, Ramirez MJ, Kim CH, Hebert TM,
Lin J, et al. Insulin-like growth factor 2 expression modulates
Taxol resistance and is a candidate biomarker for reduced
disease-free survival in ovarian cancer. Clin Cancer Res. 2010;
16:2999–3010.

13. Zsiros J, Brugieres L, Brock P, Roebuck D, Maibach R, Child M,
et al. Efficacy of irinotecan single drug treatment in children with
refractory or recurrent hepatoblastoma–a phase II trial of the
childhood liver tumour strategy groupSIOPEL). Eur J Cancer.
2012;48:3456–64.

14. Wang N, Ma T, Yu B. Targeting epigenetic regulators to
overcome drug resistance in cancers. Signal Transduct Target
Ther. 2023;8:69.

15. Minucci S, Pelicci PG. Histone deacetylase inhibitors and the
promise of epigenetic (and more) treatments for cancer. Nat Rev
Cancer. 2006;6:38–51.

16. Fantin VR, Richon VM. Mechanisms of resistance to histone
deacetylase inhibitors and their therapeutic implications. Clin
Cancer Res. 2007;13:7237–42.

17. Fahrner JA, Eguchi S, Herman JG, Baylin SB. Dependence of
histone modifications and gene expression on DNA hyper-
methylation in cancer. Cancer Res. 2002;62:7213–8.

18. Kirschbaum M, Gojo I, Goldberg SL, Bredeson C, Kujawski LA,
Yang A, et al. A phase 1 clinical trial of vorinostat in combination
with decitabine in patients with acute myeloid leukaemia or
myelodysplastic syndrome. Br J Haematol. 2014;167:185–93.

19. Burke MJ, Kostadinov R, Sposto R, Gore L, Kelley SM, Rabik C,
et al. Decitabine and vorinostat with chemotherapy in relapsed
pediatric acute lymphoblastic leukemia: A TACL pilot study. Clin
Cancer Res. 2020;26:2297–307.

20. Ashraf W, Ibrahim A, Alhosin M, Zaayter L, Ouararhni K, Papin
C, et al. The epigenetic integrator UHRF1: On the road to
become a universal biomarker for cancer. Oncotarget. 2017;8:
51946–62.

21. Beck A, Trippel F, Wagner A, Joppien S, Felle M, Vokuhl C, et al.
Overexpression of UHRF1 promotes silencing of tumor suppres-
sor genes and predicts outcome in hepatoblastoma. Clin
Epigenetics. 2018;10:27.

22. Mudbhary R, Hoshida Y, Chernyavskaya Y, Jacob V, Villanueva
A, Fiel MI, et al. UHRF1 overexpression drives DNA hypome-
thylation and hepatocellular carcinoma. Cancer Cell. 2014;25:
196–209.

23. Bronner C, Fuhrmann G, Chedin FL, Macaluso M, Dhe-Paganon
S. UHRF1 links the histone code and DNA methylation to ensure
faithful epigenetic memory inheritance. Genet Epigenet. 2010;
2009:29–36.

24. Berkyurek AC, Suetake I, Arita K, Takeshita K, Nakagawa A,
Shirakawa M, et al. The DNA methyltransferase Dnmt1 directly
interacts with the SET and RING finger-associated (SRA)
domain of the multifunctional protein Uhrf1 to facilitate accession
of the catalytic center to hemi-methylated DNA. J Biol Chem.
2014;289:379–86.

25. Cheng J, Yang Y, Fang J, Xiao J, Zhu T, Chen F, et al. Structural
insight into coordinated recognition of trimethylated histone H3
lysine 9 (H3K9me3) by the plant homeodomain (PHD) and
tandem tudor domain (TTD) of UHRF1 (ubiquitin-like, containing
PHD and RING finger domains, 1) protein. J Biol Chem. 2013;
288:1329–39.

26. Bostick M, Kim JK, Esteve PO, Clark A, Pradhan S, Jacobsen
SE. UHRF1 plays a role in maintaining DNA methylation in
mammalian cells. Science. 2007;317:1760–4.

27. San Jose-Eneriz E, Agirre X, Rabal O, Vilas-Zornoza A,
Sanchez-Arias JA, Miranda E, et al. Discovery of first-in-class
reversible dual small molecule inhibitors against G9a and
DNMTs in hematological malignancies. Nat Commun. 2017;8:
15424.

28. Carrillo-Reixach J, Torrens L, Simon-Coma M, Royo L, Domingo-
Sabat M, Abril-Fornaguera J, et al. Epigenetic footprint enables
molecular risk stratification of hepatoblastoma with clinical
implications. J Hepatol. 2020;73:328–41.

29. Di Veroli GY, Fornari C, Wang D, Mollard S, Bramhall JL,
Richards FM, et al. Combenefit: An interactive platform for the
analysis and visualization of drug combinations. Bioinformatics.
2016;32:2866–8.

30. Li Q, Demir S, Del Rio-Alvarez A, Maxwell R, Wagner A, Carrillo-
Reixach J, et al. Targeting the unwindosome by mebendazole is
a vulnerability of chemoresistant hepatoblastoma. Cancers
(Basel). 2022;14:4196.

31. Ohka F, Natsume A, Motomura K, Kishida Y, Kondo Y, Abe T,
et al. The global DNA methylation surrogate LINE-1 methylation
is correlated with MGMT promoter methylation and is a better
prognostic factor for glioma. PLoS One. 2011;6:e23332.

32. Wagner AE, Schwarzmayr T, Haberle B, Vokuhl C, Schmid I, von
Schweinitz D, et al. SP8 promotes an aggressive phenotype in

TARGETING G9A/DNMT1 METHYLTRANSFERASE ACTIVITY | 13

https://orcid.org/0009-0009-3478-1136
https://orcid.org/0009-0009-3478-1136
https://orcid.org/0009-0009-3478-1136
https://orcid.org/0000-0001-8974-6551
https://orcid.org/0000-0001-8974-6551
https://orcid.org/0000-0001-8974-6551
https://orcid.org/0000-0001-8974-6551
https://orcid.org/0000-0002-4725-5970
https://orcid.org/0000-0002-4725-5970
https://orcid.org/0000-0002-4725-5970
https://orcid.org/0000-0002-4725-5970
https://orcid.org/0000-0002-8581-2803
https://orcid.org/0000-0002-8581-2803
https://orcid.org/0000-0002-8581-2803
https://orcid.org/0000-0002-8581-2803


hepatoblastoma via FGF8 activation. Cancers (Basel). 2020;12:
2294.

33. Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S,
et al. STAR: Ultrafast universal RNA-seq aligner. Bioinformatics.
2013;29:15–21.

34. Anders S, Pyl PT, Huber W. HTSeq–a Python framework to work
with high-throughput sequencing data. Bioinformatics. 2015;31:
166–9.

35. Love MI, Huber W, Anders S. Moderated estimation of fold
change and dispersion for RNA-seq data with DESeq2. Genome
Biol. 2014;15:550.

36. Nicolle D, Fabre M, Simon-Coma M, Gorse A, Kappler R, Nonell
L, et al. Patient-derived mouse xenografts from pediatric liver
cancer predict tumor recurrence and advise clinical manage-
ment. Hepatology. 2016;64:1121–35.

37. Perilongo G, Maibach R, Shafford E, Brugieres L, Brock P,
Morland B, et al. Cisplatin versus cisplatin plus doxorubicin for
standard-risk hepatoblastoma. N Engl J Med. 2009;361:
1662–70.

38. Zsiros J, Brugieres L, Brock P, Roebuck D, Maibach R,
Zimmermann A, et al. Dose-dense cisplatin-based chemo-
therapy and surgery for children with high-risk hepatoblastoma
(SIOPEL-4): A prospective, single-arm, feasibility study. Lancet
Oncol. 2013;14:834–42.

39. Obata Y, Furusawa Y, Endo TA, Sharif J, Takahashi D, Atarashi
K, et al. The epigenetic regulator Uhrf1 facilitates the proliferation
and maturation of colonic regulatory T cells. Nat Immunol. 2014;
15:571–9.

40. Barcena-Varela M, Caruso S, Llerena S, Alvarez-Sola G, Uriarte
I, Latasa MU, et al. Dual targeting of histone methyltransferase
G9a and DNA-methyltransferase 1 for the treatment of
experimental hepatocellular carcinoma. Hepatology. 2019;69:
587–603.

41. Cairo S, Armengol C, De Reynies A, Wei Y, Thomas E, Renard
CA, et al. Hepatic stem-like phenotype and interplay of Wnt/beta-
catenin and Myc signaling in aggressive childhood liver cancer.
Cancer Cell. 2008;14:471–84.

42. Colyn L, Barcena-Varela M, Alvarez-Sola G, Latasa MU, Uriarte
I, Santamaria E, et al. Dual targeting of G9a and DNA
methyltransferase-1 for the treatment of experimental cholangio-
carcinoma. Hepatology. 2021;73:2380–96.

43. Claveria-Cabello A, Herranz JM, Latasa MU, Arechederra M,
Uriarte I, Pineda-Lucena A, et al. Identification and experimental
validation of druggable epigenetic targets in hepatoblastoma.
J Hepatol. 2023;79:989–1005.

44. Weeda VB, Aronson DC, Verheij J, Lamers WH. Is hepato-
cellular carcinoma the same disease in children and adults?
Comparison of histology, molecular background, and treatment
in pediatric and adult patients. Pediatr Blood Cancer. 2019;66:
e27475.

45. Venturelli S, Armeanu S, Pathil A, Hsieh CJ, Weiss TS, Vonthein
R, et al. Epigenetic combination therapy as a tumor-selective
treatment approach for hepatocellular carcinoma. Cancer. 2007;
109:2132–41.

46. Namgung Y, Kim SY, Kim I. Down-regulation of survivin by BIX-
01294 pretreatment overcomes resistance of hepatocellular
carcinoma cells to TRAIL. Anticancer Res. 2019;39:3571–8.

47. Regel I, Eichenmüller M, Joppien S, Liebl J, Häberle B, Müller-
Höcker J, et al. IGFBP3 impedes aggressive growth of pediatric
liver cancer and is epigenetically silenced in vascular invasive
and metastatic tumors. Mol Cancer. 2012;11:9.

48. Christofori G, Naik P, Hanahan D. A second signal supplied by
insulin-like growth factor II in oncogene-induced tumorigenesis.
Nature. 1994;369:414–8.

49. Lamm GM, Christofori G. Impairment of survival factor function
potentiates chemotherapy-induced apoptosis in tumor cells.
Cancer Res. 1998;58:801–7.

50. Zsiros J, Maibach R, Shafford E, Brugieres L, Brock P,
Czauderna P, et al. Successful treatment of childhood high-risk
hepatoblastoma with dose-intensive multiagent chemotherapy
and surgery: Final results of the SIOPEL-3HR study. J Clin
Oncol. 2010;28:2584–90.

How to cite this article: Demir S, Razizadeh N,
Indersie E, Branchereau S, Cairo S, Kappler R.
Targeting G9a/DNMT1 methyltransferase activity
impedes IGF2-mediated survival in hepatoblas-
toma. Hepatol Commun. 2024;8:e0378. https://
doi.org/10.1097/HC9.0000000000000378

14 | HEPATOLOGY COMMUNICATIONS

https://doi.org/10.1097/HC9.0000000000000378
https://doi.org/10.1097/HC9.0000000000000378

